Abstract: Production of wastewater related to the oil and gas industries is increasing over the years. The compounds found in industrial wastewater typically show high toxicity, and in this way, they have become a primary environmental concern. Several techniques have been applied in industrial effluents remediation. In spite of the efforts, these techniques are yet ineffective to treat oily wastewater before it can be discharged safely to the environment. Membrane technology is an attractive approach to treat oily wastewater. This is dedicated to the immobilisation of TiO2 nanoparticles on poly (vinylidene fluoride-trifluoro ethylene) (PVDF-TrFE) porous matrix by solvent casting. Membranes with interconnected pores with an average diameter of 60 micrometres and the contact angle of 97°, decorated with TiO2 nanoparticles, are obtained. The degradation of oily wastewater demonstrated the remarkable photocatalytic efficiency of the nanocomposite membranes: under sunlight irradiation for 7 hours, colourless water was obtained. These results show the suitability of TiO2/P(VDF-TrFE) nanocomposite for photocatalytic applications for oily wastewater remediation.
Introduction
Oil contaminated water is one of the most concerning pollution sources worldwide. The production of oil and gas by petroleum refineries yields to a large amount of wastewater, containing essentially by organic compounds (aliphatic and aromatic hydrocarbons), inorganic compounds (metals), Titanium dioxide (TiO2) is the most widely used photocatalyst for degradation of organic compounds due to its properties, such as non-toxicity, low cost and abundance, physical and chemical stability, Photocatalytic membrane reactors (PMR) are an efficient, environmentally friendly and low-cost wastewater treatment technique. PMR have shown great potential as a "zero" waste process for oily wastewater treatment, since they can reduce the loss of photocatalyst, to control the contact time between catalyst and pollutant, and to realise a continuous process. Because of that, PMR can improve the process efficiency and stability, and reuse the catalyst to reduce operating cost (Zhang, Ding, Luo, Jaffrin and Tang, 2016).
Thus, the goal of this work is to demonstrate the suitability of TiO2 nanoparticles immobilised on a P(VDF-TrFE) porous membrane as an efficient method for the degradation of oil in wastewater in a solar photoreactor.
Results and Discussion
The nanoparticles and membrane characterisation are summarised in Figure 1 Contact angle measurements assessed the wettability of the membranes. Figure 2d illustrates the contact angle for the pristine and the 8% of TiO2/PVDF-TrFE samples, which presents contact angles of 97 and aa 76 °, respectively. These results show the decrease of the contact angle with the incorporation of TiO2 nanoparticles on the polymer matrix, which in turn, allows a for a higher interaction between the nanocatalyst and the oily water.
Photocatalytic degradation of oily wastewater
The 8% TiO2/P(VDF-TrFE) membranes were used to assess the degradation of oily wastewater in a solar photoreactor. Figure 2 shows the shift of transparency of the oily water after 7 hours under sunlight radiation. The visual inspection indicates that the oily wastewater pollutants were degraded as transparent water was obtained after the 7 hours. The values obtained for all the wastewater measured parameters, before and after the treatment, are displayed in Table 1 . The results obtained after 7 hours of sunlight irradiation of the TiO2/PVDF-TrFE membrane and the oily wastewater in the photoreactor show that:
-There was a reduction in all the assessed parameters, and all the final values are below the legal limits established in Algeria;
-The suspended solids concentration was removed, and only 24% remained in the solution after the treatment;
-The total hydrocarbons were removed entirely (> 99%), which indicates the efficient removal of the oil in the wastewater; -A relevant improvement in the pH values of treated waters with a tendency towards a slightly acidic medium;
-The TiO2/P(VDF-TrFE) nanocomposite was effective in the degradation of oily wastewater, as a significant decrease in the total organic carbon, COD, turbidity and heavy metal content was obtained after the treatment.
The oil degradation by the TiO2/P(VDF-TrFE) nanocomposite can be explained based on the generation of active oxidants on TiO2 nanoparticles surface upon sunlight irradiation. These reactive species oxidised most of the organic compounds found in the oily water. The removal of 99% of the HC, confirmes the efficient degradation of the contaminants. This is also confirmed by the disappearance of peaks in the chromatogram obtained by gas chromatographic analysis (GC-FID), Figure 3 . The results show that using the TiO2/P(VDF-TrFE) nanocomposite membrane; it is possible to treat oily industrial wastewater, such as the one from the central region of Hassi Rmel Algeria, using the sun as a source of renewable energy.
Materials and Methods

Materials
Poly(vinylidene fluoride-trifluoroethylene), (P(VDF-TrFE)) 70:30 was purchased to Solvay (Belgium).
Evonik Industries kindly provided titanium dioxide (TiO2) nanoparticles (P25). The oily water was withdrawn from the central industrial region of Hassi R'mel Algeria.
Membrane preparation and characterisation
The solvent casting technique was used to produce the poly(vinylidene difluoride)-cotrifluoroethylene (P(VDF-TrFE)) membranes with immobilised TiO2 nanoparticles [18, 19] . Briefly, 0.86 g (8 wt.%) of TiO2 nanoparticles were added to 90 ml of N, N-dimethylformamide (DMF, Merck) and placed in an ultrasound bath for four hours to obtain a homogeneously dispersed solution. The amount of TiO2 nanoparticles used was previously chosen [19] to prevent detachment from the polymer matrix and to preserve its mechanical properties. Then, 10 g of P(VDF-TrFE) was added to the solution, achieving a concentration of 10 wt.% polymer to solvent, and the solution was magnetically stirred until complete polymer dissolution. Ultimately, the solution was placed in glass support, and the solvent evaporated at ambient temperature. When the solvent completely evaporated, a membrane with the same dimensions of the photoreactor surface (38 cm length × 12 cm wide × ≈ 600 µm thick) was precisely cut out.
The crystal structure of the TiO2 nanoparticles was evaluated by X-ray diffraction (XRD). Fourier transformed infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) were performed to respectively access the chemical structure and morphology/microstructure of the membrane. The wettability of the samples was obtained through contact angle measurements.
Oily wastewater sampling and parameters
The Hassi R'mel (HR) area is located in southern Algeria, 525 km south of Algiers, and 120 km south Several parameters were measured before and after the treatment. The temperature (T) was measured using a thermometer ASTM 5C and the electrical conductivity (EC) was measured by a conductivity meter HACH HQ 40d. The suspended solids (SS) were determined by filtering 100 ml of water to be analysed through a 47 µm pore filter; afterwards, the filter was dried at 105 ° C in a hoven for 2 hours.
The amount of suspended solids was estimated by the difference in the weight of the filter before and after drying. The pH measurements were carried out using a pH-meter type (Inolab PH7310).
Chemical oxygen demand (COD) is based on the oxidation of organic materials by an excess of potassium dichromate (K2Cr2O7), in acidic medium and boiling, in the presence of silver sulfate and mercury sulfate. COD is measured by a spectrophotometer of the type (DR 1900 LANGE HACH).
The quantification of the total hydrocarbons (HC) in water followed an analytical protocol implemented according to the water standard methods (solvent extraction, purification on florisil cartridge, and finally gas chromatography analysis coupled to a flame ionisation detector -Clarus 580 CPG/FID).
The Total Organic Carbon (TOC) is one of the quality control criteria for water used to measure biological impurities (organic matter) present in water. For TOC analysis, the infrared analyser performs the dosage in two stages: Determination of total carbon (TC) and determination of inorganic carbon (IC). Total organic carbon is the difference between total carbon (TC) and inorganic carbon (IC), TOC was analysed by TOC Analyzer Formacs HT.
The determination of phosphate, nitrate, and nitrite was carried out using a DR1900 colourimetric spectrophotometer at a wavelength of 860 nm using the different LCK reagents.
Heavy metals presence and quantification were performed using a Spectrophotometer ICP 8000 DV.
Photocatalytic activity measurments
The photocatalytic degradation of oily wastewater was performed in a solar photoreactor located in the north of Algeria (latitude 36.39 °; longitude 2.42° at sea level), using natural sunlight radiation. A Pyranometer CMP 11 (Kipp & Zonen) with a spectral range between 285 and 2800 nm was used to measure the solar UV intensity. The reactor was developed at the Solar Equipment Development Unit (UDES) in Algeria. The capacity of the photoreactor is 1 l (38 cm length × 12 cm wide × 8.5 cm high).
The photoreactor tank was fabricated from Pyrex glass, where the produced TiO2/PVDF-TrFE nanocomposite membrane was placed at the bottom (Figure 4 ). The flow rate used to recirculate the oily water was 28 ml s−1; in this way, it was possible to cover the nanocomposite membrane with this solution completely. The photoreactor was wholly covered with glass to avoid evaporation during the photocatalytic experiments. For the photocatalytic assays, one liter of oily wastewater solution was added to the photoreactor tank containing the membrane and exposed to solar illumination for 7 hours.
Conclusions
In short, this work reports the preparation of a TiO2/P(VDF-TrFE) nanocomposite by solvent casting and its photocatalytic application in the remediation of oily wastewater. The characterization has shown a suitable porous structure and a homogeneous distribution of the TiO2 nanoparticles over the interconnected pores. Also, the photocatalytic efficiency on the degradation of oil in oily wastewater was tested under sunlight irradiation, showing significant efficiency. Colorless water was obtained after the oily wastewater exposure to visible light for 7 hours. Moreover, other relevant parameters were improved, namely the remarkable reduction of nitrate, phosphate, suspended solids, total hydrocarbons, and TOC degradation. In the scope of water remediation, the removal of several heavy metals should also be highlighted. In conclusion, the TiO2/P(VDF-TrFE) nanocomposite membrane is a suitable solution to oily wastewater remediation. Funding: This research received no external funding.
